Abstract. Plasmodium falciparum and Schistosoma haematobium are co-endemic parasitic diseases with worldwide distribution. Evidence suggests interactions occur between helminthic and malaria infections, although it is unclear whether this effect is beneficial or harmful to the host. Malian children 4-14 years of age with asymptomatic S. haematobium infection (SP) (n ‫ס‬ 338) were prospectively matched by age, sex, and residence to children without schistosomiasis (SN) (n ‫ס‬ 338) who were cleared of occult intestinal parasites, and followed-up for one malaria transmission season (25 weeks). The time to the first clinical malaria infection, incidence of malaria episodes, and parasitemia were recorded. Age associated protection from malaria in children with schistosomiasis was observed. SP children (4-8 years of age) compared with SN children demonstrated delayed time to first clinical malaria infection (74 versus 59 days; P ‫ס‬ 0.04), fewer numbers of malaria episodes (1.55 versus 1.81 infections; P ‫ס‬ 0.03) and lower geometric mean parasite densities (6,359 versus 9,874 asexual forms/mm 3 ; P ‫ס‬ 0.07) at first infection. No association between schistosomiasis and P. falciparum malaria was observed in children 9-14 years of age. We conclude that underlying schistosomiasis is associated with protection against clinical falciparum malaria in an age-dependent manner.
INTRODUCTION
Co-infection with multiple parasites is common in malariaendemic areas. Although much is known about the epidemiology and immunology of specific parasitic illnesses, little is known about the interaction of concurrent infections. Mounting evidence suggests an interaction occurs between helminthic and malaria infections, although it is unclear as to whether this effect harms or protects the host. Plasmodium falciparum and Schistosoma spp. are co-endemic parasitic diseases with worldwide distribution. Revised estimates suggest that P. falciparum malaria causes 515 million infections annually 1 while schistosomiasis affects nearly 200 million people in 75 countries. Both parasitic diseases predominate in subSaharan Africa, but the host impact of dual infection is unknown.
Helminth infection has been reported to have both beneficial and deleterious effects on subsequent protozoal infections. Rats co-infected with Strongyloides ratti and Trypansoma brucei have increased survival over those with T. brucei infection alone. 2 Similarly, protection from cerebral malaria is conferred upon mice with pre-existing Brugia pahangi infection. 3 However, mice with ova-producing S. mansoni infections have increased parasitemias with P. chabaudi infection 4 and delayed parasite clearance after chloroquine treatment of P. bergehi 5 compared with those with Plasmodia spp. infection alone. Limited studies of clinical interaction in human infection have also been reported. Pre-existing helminth infection is associated with protection from cerebral malaria in Thai adults 6 and reduced malaria-related renal and liver abnormalities. 7 Conversely, a negative interaction has been noted with increased incidence of uncomplicated P. falciparum malaria in individuals with intestinal helminth infection. [8] [9] [10] Small sample sizes, disparate enrollment ages, and retrospective analyses limit interpretation of these results.
To determine whether pre-existing helminth infection affects the acquisition, incidence, or clinical course of P. falciparum malaria, we conducted a matched cohort study. Schistosoma haematobium-infected Malian children were matched by age, residence, and sex to children without schistosomiasis and monitored during a malaria transmission season. Further understanding of co-parasitic interaction is needed to guide public health measures in endemic areas.
MATERIALS AND METHODS
Study site. Bandiagara (population 13,600) is located in east central Mali, and has intense seasonal transmission (JulyDecember) of P. falciparum malaria. During peak transmission, the number of infected bites per person per month ranges from 20 to 60 11 with P. falciparum comprising 95% and P. malariae 5% of infections. Bandiagara is divided into eight sectors and is bisected by a tributary of the Niger River. The dominant ethnic group is Dogon (81%).
Most individuals have daily water exposure and S. haematobium and S. mansoni are endemic to the area. 12, 13 Pilot studies demonstrated that 91 (25.4%) of 381 local children 4-20 years old excrete S. haematobium eggs in urine and 5% excrete S. mansoni in stool (K. Lyke, O. Doumbo, unpublished data). Prior to two sequential malaria transmission seasons (2002) (2003) , parents of children 4-14 years of age were invited to bring their children for screening of S. haematobium and intestinal helminth infections.
Screening and enrollment. Baseline demographic data, urine samples, and stool samples were collected at screening. Morning urine samples were obtained and 10 mL were strained through filters (Nucleopore, Acton, MA) with Whatman (Brentford, United Kingdom) filter paper (22 m). Filter papers were stained with 5% ninhydrin and examined for the presence of S. haematobium eggs when dry. Individuals excreting S. haematobium eggs were quantified as low (1-49 eggs/filter) or high (> 50 eggs/filter) excreters. Each individual submitted 2-3 sequential urine samples to improve sensitivity. Stool samples were collected and processed using the KatoKatz method for parasite detection. Slides were read and intestinal parasites were quantified.
Based on screening results, asymptomatic schistosomiasispositive (SP) children and schistosomiasis-negative (SN) controls between the ages of 4 and 14 years were invited to participate in a study examining malaria incidence. Children less than 10 years of age were preferentially enrolled over older children. The SP subjects were matched by age, sex, and residence to a child without S. haematobium. Age categories were defined as 4, 5, 6, 7-8, 9-10, 11-12, and 13-14 years. Residence was defined as one of eight distinct sectors of Bandiagara. Pregnancy tests were performed on all females of childbearing age. Exclusion criteria were presence of S. mansoni eggs in stool, evidence of acute or chronic illness, and pregnancy. All children displaying symptomatic effects related to underlying S. haematobium infection (gross hematuria, renal insufficiency, peripheral edema) were offered treatment with praziquantel and excluded. Participants who were enrolled in year one were ineligible for participation in year two.
At enrollment, clinical information was obtained, a physical examination was conducted, and a study identification number was assigned. Baseline hemoglobin levels (g/dL) and thin and thick blood smears identifying Plasmodia parasites were obtained. Each child, regardless of presence of intestinal helminths, was given a single dose of albendazole 400 mg orally to eradicate occult intestinal parasites.
Longitudinal monitoring. Each child was followed weekly for 25 weeks. Study personnel were available at a clinic 24 hours a day, 7 days a week for passive follow-up. Participants were evaluated for symptoms of acute malaria infection and asked to come to the clinic any time they became ill. Blood smears and hemoglobin analysis were performed monthly and at the onset of symptoms consistent with malaria. The SP children were monitored for evidence of active symptoms related to schistosomiasis infection. All individuals displaying gross hematuria or symptoms of genito-urinary pathology were treated with praziquantel therapy and discharged from the study. Children missing more than two sequential appointments were excluded from further participation. Children who did not experience an episode of clinical malaria during the 25-week period of follow-up were assigned a days to first malaria value of 175 days.
A clinical episode of malaria was defined as P. falciparum parasitemia and an axillary temperature Ն 37.5°C on active surveillance, or parasitemia and symptoms leading to treatment-seeking behavior in the absence of other clear cause on passive surveillance. Symptomatic infections were treated with a three-day course of chloroquine, according to the National Malaria Control Program policy at that time. Treatment failures are less than 10% in Bandiagara.
14 Each child was examined on days 0, 1, 2, 7, and 14 after the diagnosis of malaria with serial hemoglobin levels obtained and peripheral smears prepared. Recrudescence of symptoms within the 14-day follow-up period was counted as a treatment failure because of probable chloroquine resistance and sulfadoxinepyrimethamine was administered as second-line therapy.
Children presented for one dry season follow-up (eight weeks after standing water pools dried to ensure maturation of underlying schistosomula in individuals). Hemoglobin analysis, peripheral smears, and urine and stool studies were repeated and all children in the SP group as well as SN individuals who had acquired schistosomiasis were treated with praziquantel (40 mg/kg).
Study protocols were reviewed and approved by the University of Bamako Institutional Review Board (IRB) and the University of Maryland IRB. Village permission to conduct research was obtained from village chiefs, government officials, and traditional healers prior to study initiation following established procedures. 15 Individual informed consent was obtained from the parent or legal guardian of each child prior to screening and enrollment.
Ethical considerations. Infection with S. haematobium is a chronic disease in the absence of therapy. Genito-urinary inflammation secondary to migrating eggs is usually sustained over decades, although most individuals never experience clinical morbidity. After consultation with experts and IRBs, a nine-month interval between detection and treatment of asymptomatic infections was believed to be safe and reasonable. Schistosomiasis transmission is seasonal in Mali. The efficiency of transmission increases in the dry season when standing water evaporates and cercariae are concentrated. Immature schistosomula are resistant to praziquantel and require eight weeks for larval maturation. Premature treatment of infections and treatment during ongoing transmission ensures a high degree of treatment failure and/or re-infection. 16 The consequences of treatment in disease-endemic populations with ongoing, frequent parasitic exposure are unclear. Acquired partial resistance to infection occurs with downregulation of inflammatory response to parasites. 17, 18 Treatment may interrupt this partial resistance and trigger a surge of immunologically mediated disease upon re-exposure. We took a measured approach ensuring the best clinical cure and least harm to our study subjects. Although a small risk of acute inflammation due to egg migration existed, all subjects were monitored for evidence of renal abnormality and symptomatic individuals were treated immediately.
Statistical analysis. A sample size of 300 matched pairs was calculated by assuming a 20% difference in time to acquisition of the first case of malaria between the SP and SN groups with 90% power. Paired analyses between matched clinical groups were made using the Wilcoxon signed rank test for variables that were not normally distributed (SigmaStat version 3.1; SPSS Inc., Chicago, IL). Pooled analyses between clinical groups were made using the two-sided Student's t-test for continuous variables with normal distribution and equal variance and the chi-square test for categorical variables using SPSS version 10.0 (SPSS Inc., Chicago, IL) and EpiInfo (Centers for Disease Control and Prevention, Atlanta, GA) with Fisher's Exact testing for a cell quantity less than five.
RESULTS

Patients.
Over two transmission seasons, 2,040 children were screened (1,177 in year one and 863 in year two) (Figure 1 ). Schistosoma haematobium egg excretion was detected in 509 (25%) of 2,040. Sixty-seven individuals were excluded from enrollment. Of the 1,973 asymptomatic children eligible for enrollment, 676 children (338 matched pairs) were enrolled over two seasons. All SP children less than 10 years of age were preferentially enrolled with older children randomly chosen between the eight residential sectors of Bandiagara until the target sample size was attained. Eligible matching SN children were pooled with the child residing closest to the index SP volunteer chosen for enrollment. Twenty-one cases (3.1%) exited the study because of a lack of follow-up due to development of clinical symptoms (subsequently judged not to be schistosomiasis related, n ‫ס‬ 2), or movement from the study area over the monitoring period (n ‫ס‬ 19). One case was eliminated from analysis because of identification of P. malariae as the causative organism of the first malaria episode.
Analysis was performed on 328 SP children and 326 SN children. The mean age was 8.8 years. The groups had similar distributions of hemoglobin subtypes, rates of concomitant intestinal parasites prior to albendazole therapy, and exposure to protective measures against malaria. Females accounted for 51% of the study subjects (Table 1) .
Malaria incidence. Longitudinal analysis determined that SP children had increased time to first clinical infection compared with SN children (74.6 versus 64.8 days; P ‫ס‬ 0.05 ( After group stratification, analysis by age category showed similar malaria incidence patterns among SP children 4, 5, 6, and 7-8 years of age (therefore examined in a combined age grouping of 4-8 years). Analysis showed differences in disease acquisition and disease character in children 4-8 years of age with peak differences noted between the ages of 6-8 years. The SP children were compared with their matched SN counterparts and had increased time to first clinical malaria infection (74 versus 59 days; P ‫ס‬ 0.04), fewer malaria episodes over the follow-up period (1.55 versus 1.81; P ‫ס‬ 0.03), and lower parasite densities at first malaria infection (6,359 versus 9,875 asexual parasites/mm 3 ; P ‫ס‬ 0.07). The number of SP children who remained free of malaria through a single Dose-dependent effect of egg production. The SP children were categorized as low (1-49 eggs/10 mL of urine) or high (> 50) egg excreters with inter-group analysis and comparisons to SN children assessed. No age-associated difference in egg excretion was seen. An inverse relationship between egg excretion and protection from malaria was noted with decreased malaria episodes, longer time to first clinical malaria episode, and reduced parasitemia in low excreters compared with high excreters, but statistical significance was noted only in time to first malaria infection in SP low excreters versus SN children (77 versus 64.8 days; P ‫ס‬ 0.02).
Age-stratified analysis showed that low egg-excreting children 4-8 years of age had reduced incidence of malaria, increased time to first malaria presentation, and decreased parasite densities than high excreters, although statistical significance was noted only in time until first malaria episode (76.6 versus 65.1 days; P ‫ס‬ 0.015). No difference in malaria parameters was noted in children 9-14 years of age.
Hematologic parameters. Hemoglobin at enrollment, first malaria episode, nadir, and study termination was compared between the SN and SP groups. Results were analyzed between the groups as a whole and between age-stratified subgroups. Enrollment hemoglobin was similar between the groups (Table 1) . Likewise, nadir hemoglobin, mean hemoglobin of all clinical malaria episodes, and at study termination was similar between the SN and SP groups and agestratified subgroups.
Seasonal acquisition of helminth infection. Study participants were evaluated at a single dry season follow-up appointment. Thirteen children were unavailable for follow-up (SP ‫ס‬ 6 and SN ‫ס‬ 7). Interim analysis showed that two children acquired S. mansoni infection, and 29 acquired other intestinal helminths. Fifty-four of 326 SN children (16.6%) acquired S. haematobium. After eliminating all SN children who acquired schistosomiasis after enrollment, analysis was repeated. An increased time to first clinical malaria infection (74 versus 62 days; P ‫ס‬ 0.05) was noted in SP children compared with SN children (4-8 years of age) with a trend in reduced malaria episodes (1.55 versus 1.82 episodes; P ‫ס‬ 0.08) and lower parasite densities (6,359 versus 9,533 asexual parasites/mm 3 ; P ‫ס‬ 0.09). These differences remained pronounced among SP children versus SN children 6-8 years of age (time to first clinical malaria infection ‫ס‬ 79 versus 60 days; P ‫ס‬ 0.02, malaria incidence ‫ס‬ 1.47 versus 1.86 episodes; P ‫ס‬ 0.02, and parasite density ‫ס‬ 4,647 versus 9,135 asexual parasites/mm 3 ; P ‫ס‬ 0.035.
DISCUSSION
This study suggests that underlying infection with S. haematobium offers a modest degree of clinical protection against P. falciparum malaria in an age-specific fashion to children exposed to both parasitic infections. Through a matched cohort study we have followed children over a malaria transmission season and demonstrated that children infected with schistosomiasis have less malaria, longer disease-free intervals until the first clinical episode, and reduced parasitemias during that episode. This difference is manifest between the ages of four and eight years. Differences disappear after nine years of age. Similarly, differences are less pronounced after the first clinical malaria episode. Little difference in hematologic parameters was noted at any time point between groups.
Although the study was not powered to detect difference according to schistosoma ova production, there appears to be decreased malaria protection with increased egg secretion. We hypothesized that increased egg production might result in enhanced protection from clinical malaria (possibly by increased immune reactivity to egg production) but our results contradict this prediction. An age-specific correlation between malaria and schistosomiasis egg production was found in children 4-8 years of age excreting low quantities of eggs. These children had an increased time to first malaria infection. An association between low egg excretion and reduced malaria parasitemias has been described. 19 It is possible that children who produce fewer eggs are better able to control the schistosoma infection through an enhanced immune response, which might also help to protect from falciparum malaria. Conversely, participants secreting large amounts of eggs may experience immune tolerance to high antigenic stimulation, which results in blunting the immune protective responses and eliminates the interactive effect noted with secretion of low amounts of eggs.
The mechanisms behind helminth-associated protection from malaria are likely multifactorial. We hypothesize that it is immunologically mediated. Clinical malaria is characterized by a bimodal immune response requiring Th1 cytokine production for control of the initial parasitemia that converts to Th2-mediated cytokine production for parasite clearance. 20, 21 Helminth infections, which are known to be potent inducers of host Th2 cytokine production, [22] [23] [24] can down-regulate the effects of a secondary Th1-dependent parasitic challenge. This is illustrated in mice with ova-producing S. mansoni infections in which impaired Th1-dependent lesional healing is noted in Leishmania major infections, 25 while increased anemia and death is noted in P. chabaudi infection (normally non-lethal to these mice) along with measurably suppressed Th2 responses. 4 Recently, mice co-infected with filariasis and P. chabaudi were noted to have more severe malaria along with increased interferon-␥ responsiveness, which suggests an imbalance in malaria-induced immunopathology. 26 In humans, blunted peripheral blood mononuclear cell (PBMC)-derived Th1 cytokine production has been demonstrated in subjects with underlying intestinal helminth infections after stimulation with tetanus toxoid, 27 oral cholera toxin B vaccine, 28 and schistosomal antigens. 22, 29, 30 Helminth infections have also been associated with cellular anergy 17, 31 and decreased proliferative response to hepatitis C virus antigen. 32 We are evaluating the immunologic response to malaria and schistosoma using sera and PBMCs collected from these volunteers at the time of clinical infection to validate our theory.
An immunologic explanation for schistosomiasis-mediated resistance to malaria might explain the age-associated differences noted in this study. Studies at this site with seasonal malaria transmission have found that children up to 10 years of age remain highly susceptible to clinical malaria, with disease burden decreasing significantly in children more than 10 years of age. 11, 14 Previous prevalence studies at our site have found in children 1-4 years of age an incidence of S. haematobium of 5.6% (5 of 89) (K. Lyke, O. Doumbo, unpublished data). Younger children are unlikely to acquire schistosomiasis in part because of limited independence and water exposure, whereas acquisition increases after the age of six, peaks near the age of nine, and diminishes after the age of 14 with the development of immunity. 33 It is possible that enhanced parasitic interaction occurs between the ages of four and eight years when disease susceptibility overlaps. Given the difficulties of collecting urine in children 1-3 years of age and the low prevalence rate of schistosomiasis, we elected to enroll only children 4-14 years of age. We cannot rule out the fact that schistosomiasis may be exerting an even greater protective effect against malaria acquisition in children younger than four years of age.
An intriguing alternate possibility is that iron-scavenging parasites provide protection against malaria. Iron deficiency and subsequent anemia has been shown to be protective against the acquisition of malaria. 34 Conversely, iron supplementation has been shown to increase susceptibility to P. vivax. 35 We did not find reduced hemoglobin levels in children infected with S. haematobium despite monthly surveillance, but we cannot rule out the possibility of sub-clinical iron deficiency as a causative mechanism for protection against malaria.
Seventeen percent of the SN children acquired S. haematobium upon examination after the study period. Schistosomiasis transmission peaks in early dry season when cercariae are concentrated in standing water pools. Therefore, most of the transmission likely occurred after study monitoring ceased and not during the rainy season when water sources were rapidly flowing. When analysis was repeated after eliminating individuals who had subsequently acquired schistosomiasis, power was lost as the sample size decreased below that calculated as necessary for statistical significance (300 matched pairs). Nevertheless, the robust differences noted in the 6-8-year-old age group remained, as did trends in children 4-8 years of age.
Efforts were made to reduce confounding variables. The effect of other concomitant infections is unknown. Previous studies performed in 120 children from Bandiagara showed no detectable filarial infections (i.e., Loa loa, Onchocerca volvulus, or Wuchereria bancrofti). The prevalence of HIV is less than 2% among adults in Mali. Study children were not tested individually for these infections, but children with clinically apparent diseases were excluded from the study. No difference was reported in the use of bed nets or other malariapreventative techniques. Close attention was paid to matching individuals by residence sector (and by extension, water sources), although local environmental differences in exposure to mosquitoes could not be controlled. In the interest of safety, we treated all children for schistosomiasis after one season, negating the ability to determine ongoing clinical interaction of dual infection.
This study reports a modest protective effect of S. haematobium against P. falciparum malaria. We found reduced clinical malaria, reduced parasitemias, and increased time to first clinical infection in those with S. haematobium. We hypothesize that an imbalance of Th1/Th2-mediated cytokines might account for this finding. Immunologic studies to evaluate this possibility are ongoing. The protective effects disappear after the first infection of the malaria season although the course of these infections over multiple transmission seasons is unclear. The implications of these findings could be far-reaching in that they may extend to other helminth coinfections and could affect vaccine trial outcomes, parasite treatment programs, and preventive health care maintenance policy worldwide.
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